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Julie O’Shaughnessy1*, Jean-François Roy2 and Martin Descarreaux3Abstract
Background: A single group prospective study. Disc prostheses are believed to contribute to the restoration of the
segmental movement and the preservation of the adjacent segments. The study’s main objective was to determine
if changes in neuromuscular patterns assessed using the flexion-relaxation phenomenon (FRP) can be observed
following disc replacement surgery.
Methods: Fifteen subjects participated in this study; they were evaluated before and after lumbar disc replacement
surgery. Both assessments included ten repetitions of a trunk flexion and extension movement (with and without a
load), where the surface electromyography (EMG) and kinematic data were recorded.
Results: Following the disc replacement procedure (17.3 weeks ± 8.4), participants reported a significant reduction
in their ODI and FABQ - physical activity scores. Increases in pelvic flexion as well as in erector spinae (ES) muscle
activity at L5 in the flexion phase were observed. Following the disc replacement surgery, ES activity at L2
decreased during the quiet standing position.
Conclusion: The results of this study suggest that although improvements in disability scores and fear-avoidance
related to physical activities scores were noted after a disc replacement surgery, the lumbar ROM was not modified.
Nevertheless, a significant increase in the hip ROM during the flexion-extension task as well as an increase in ES
muscle activity in flexion was observed following surgery. The VAS, FABQ I and ODQ scores were positively
correlated with change in the muscular activities during the FRP.
Keywords: Low back pain, Disc prosthesis, Degenerative disc disease, Flexion-relaxation phenomenon, Lumbar
kinematicsBackground
Elective surgery can reduce pain and decrease disability
in chronic low back pain (CLBP) patients when conser-
vative therapies are not effective and daily life activities
are severely limited [1]. It has been estimated that be-
tween 6 and 7.5% of the CLBP patients undergo spinal
surgery in the United States [2,3]. The most common
elective surgeries for degenerative disc disease (DDD)
can be divided into two broad categories: fusion (arth-
rodesis) and disc replacement (arthroplasty) [4-7].
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distribution, and reproduction in any mediumbut only since the turn of the century in the United
States [8]. This new procedure is believed to offer some
advantages over fusion. Indeed, its anterior approach to
removing the symptomatic degenerative disc and replace
it by a prosthesis spares the posterior elements and pro-
tects the posterior neurological and vascular structures
[7,8]. The few comparative studies between fusion and
disc replacement showed better outcomes for disc re-
placement with regard to operative time, blood loss,
hospitalization stay and use of narcotics [6,9-12]. Com-
pared to a vertebral fusion, patients with disc prosthesis
showed better clinical results measured with the
Oswestry Disability Index (ODI), the SF-36 Health Sur-
vey Questionnaire (SF-36) and the Visual Analogue Pain
Scale (VAS). Patients also showed higher levels ofCentral Ltd. This is an Open Access article distributed under the terms of the
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From a biomechanical standpoint, disc prostheses are
believed to contribute to the restoration of segmental
movement and the preservation of the adjacent seg-
ments. Disc replacement surgery was developed as an al-
ternative to fusion’s long term complications such as the
increase of mechanical stress and load on the adjacent
segments. These increased loads can lead to post-
surgical vertebral instability, early disc degeneration and
pain. In fact, symptomatic adjacent segment disease
(ASD) is found in 5.2 to 18.5% of the patients who
present with CLBP after a fusion and can lead to a sec-
ond surgical intervention, often with limited results
[14,15]. In a systematic literature review on symptomatic
ASD (only four articles reported), Harrop et al.[16] esti-
mated that this type of complication was only present in
1% of the patients at 8.7 to 13.2 years following
arthroplasty. Besides the clinical improvement and the
reduction of the symptomatic ASD, one proposed ad-
vantage of the disc prosthesis is to emulate the normal
disc biomechanics [17]. Disc replacement might preserve
or increase the segmental range of motion (ROM), thus
keeping the physiologic lumbar spinal kinematic proper-
ties [10,11,18-20].
Spinal stability in a «healthy» lumbar spine (absence of
symptoms, degeneration or surgical intervention) in-
volves complex interactions between neuromuscular
control and passive tissues [21,22]. In CLBP patients,
neuromuscular adaptations are developed to perform
daily tasks. These adaptations can be objectively ob-
served and quantified using, for example, a simple
flexion-extension task [23]. During a flexion-extension
task, healthy subjects (without low back pain) exhibit a
reduction in, or a silence of the electromyographic
(EMG) signal of the lumbar erector spinae (ES). Myo-
electric silence of the superficial ES muscles when ap-
proaching full flexion was first observed in 1948 by
Allen, and later by Floyd and Silver who called the
phenomenon «flexion-relaxation» (FRP) [24-26]. In the
presence of low back pain, the EMG silence is absent
during full flexion. It is unknown if the continuous con-
traction of the ES is due to the subjects’ pain, or if the
constant muscular activity induces the pain, but studies
have showed that this absence of FRP can be observed
in healthy subjects submitted to experimental pain
[27,28]. This neuromuscular response has been thor-
oughly investigated and appears to be the result of equi-
librium between the gravity-induced flexion moment
and the stretched posterior structures, namely the pos-
terior ligaments and the lumbar ES [29,30]. Because FRP
reliability (inter- and intra-raters) measured with kine-
matic and surface EMG is excellent, it is often used as
an objective clinical improvement measurement tool
[31-35].Although FRP has been used to monitor clinical im-
provement in chronic non-specific low back pain, only a
few studies about specific low back conditions have been
published. One study measured the FRP before and after
herniated nucleus pulposus in one subject, and found
that the FRP returned to its initial status (absence of the
EMG signal in lumbar flexion) when the patient’s symp-
toms resolved and the lumbar ROM returned to its nor-
mal amplitude [36]. One study reported FRP parameters
before and after lumbar discectomy surgery in 17 sub-
jects with disc herniation [37]. After four weeks, the
EMG recordings showed a continuous contraction of
the ES during lumbar flexion, despite the decreased pain
level.
Disc replacement surgery represents a unique model
to study the neuromuscular adaptation before and after
surgery in low back pain patients. Since the procedure is
believed to maintain or improve ROM and overall func-
tional capacity, the aim of this study is to compare, in a
group of participants with DDD, trunk neuromuscular
control and trunk kinematics before and after a disc re-
placement surgery. It is hypothesized that, together with
decreased levels of pain and disability, flexion-relaxation
parameters will be normalized following the surgery.
This study is the first to observe the neuromechanical
adaptations following disc replacement surgery.
Methods
Participants
Fifteen participants (ten men and five women) between
32 to 58 years old (mean: 43.5 ± 8.6) were recruited for
this study. The participants included in the present study
were all scheduled for elective disc replacement surgery
for CLBP (from DDD) and were all recruited from the
same orthopaedic clinic. The general inclusion/exclusion
criteria for arthroplasty were determined by an ortho-
paedic surgeon (JFR) and are reported in Table 1. A
discography analysis was ordered for all patients to con-
firm the magnetic resonance imaging or computer tom-
ography findings and the origin of the discogenic pain.
Participants with a body mass index (BMI) > 30 and a
waist circumference > 102.01 centimeters for men and >
88.01 centimeters for women were excluded from the
study. This work was approved by both the Université
du Québec à Trois-Rivières and the Centre Hospitalier
Universitaire de Québec research ethical review boards.
All participants gave their written informed consent and
their participation in the study had no influence on the
surgical protocol and clinical follow-ups.
Experimental protocol
The experimental sessions (biomechanical laboratory)
were conducted before and after the disc replacement
surgery (at least three months) and each testing session
Table 1 Inclusion and exclusion criteria for lumbar arthroplasty
Inclusion Exclusion
Adults between 18 and 60 years old (bone maturity). DDD > 1 symptomatic vertebral level
Degenerative disc disease (DDD) between L1 and S1. Vertebral end-plates smaller than 34.5 mm in the media-lateral plan
and/or 27 mm in the antero-posterior plan.
DDD certified by: Allergy to :
▪ Low back pain and/or leg pain (radiculopathy) and ▪ Titanium
▪ Polyethylene
▪ CT scan, MRI, discography, radiology, myelography and/or flexion/




- Instability ( ≥ 3 mm translation or ≥ 5° degrees); Past vertebral surgery (thoracic or lumbar)
▪ Fusion
- Loss of disc high > 2 mm ▪ Bilateral spinal or unilateral vertebral
decompression where > 50 % of the facet was removed
- Thickness/scar of the annulus pulposus
- Herniated nucleus pulposus; or ▪ Facet fracture
- Vacuum phenomenon
Oswestry disability index ≥ 40 (20/50) Trauma (past or present) to the vertebral end-plates.
VAS ≥ 40/100 Pregnancy
Failure to improve with a trial of nonsurgical management (physical therapy,
medications and epidural injection).
CT computed tomography, MRI Magnetic resonance imaging, mm millimeter.
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laboratory assessments, patients were examined by the
orthopedic surgeon and a clinical assessment and
flexion-extension x-ray were performed. In the absence
of surgical complications, and when stability of the pros-
thesis was confirmed by the surgeon, participants were
referred for their second postoperative laboratory
assessment.
Outcome measures
Participants were asked to complete the French versions
of the modified Oswestry Low Back Pain Disability
Questionnaire (ODQ) and the Fear-Avoidance Beliefs
Questionnaire (FABQ), respectively to assess disability
and fear-avoidance behaviors related to their CLBP.
These questionnaires demonstrate moderate conceptual
validity and good reproducibility [38,39]. The clinical
pain intensity was assessed using a visual analogue scale
(VAS). The VAS has been found superior to the McGill
pain questionnaire to detect pain responsiveness in low
back pain patients involved in postsurgical rehabilitation
[40]. The participants were asked to complete the ques-
tionnaires before each laboratory session. Trunk and
hamstring flexibility were also measured before and after
the surgery with the sit and reach test [41].
Experimental task and procedures
Participants were asked to perform a trunk flexion-
extension task. Verbal instructions, followed by ademonstration and practice trials, were provided before
the experiment. During the task, participants stood with
arms crossed over their chest with their legs fully ex-
tended. The complete cycle of movement was character-
ized by four different movement phases: (1) standing
still (three seconds); (2) trunk flexion to reach a fully-
flexed state (five seconds); (3) full flexion (three seconds)
and (4) trunk extension to return to the initial upright
position (five seconds). A metronome was used to
standardize the task’s speed and duration. Ten flexion-
extension cycles were completed; five without load and
five during which the participants held 10 kg. During
this “loaded condition”, the weight was held with hands
crossed over their chest. The two different conditions
were performed in blocks of five trials and the order in
which they were performed was randomized across
participants.
Instrumentation
Surface EMG data were collected using bipolar dispos-
able surface Ag-AgCl electrodes applied bilaterally over
the ES muscles at L2 and L5 level, approximately 3 cm
from the mid-line of the spine (electrodes were applied
in-line with muscle fiber orientation) [42]. A ground
electrode was placed on the left anterior superior iliac
spine. Skin impedance was reduced by shaving body hair,
gently abrading the skin with fine-grade sandpaper (Red
Dot Trace Prep, 3M, St. Paul, MN, USA), and wiping
the skin with alcohol swabs. The EMG activity was
Table 2 Participants’ characteristics
Characteristics Means ± SDs
Age (years) 43.5 ± 8.6
Weight (kg) 75.5 ± 10.1
Height (m) 1.74 ± 0.8
Body mass index (kg/m2) 25.0 ± 2.7
Level of disc prosthesis
-L2-L3 n = 1
-L3-L4 n = 1
-L4-L5 n = 11
-L3-L4 and L4-L5 n = 1
-L5-S1 n = 1
Other surgery
-fusion L5-S1 n = 12
Weeks before surgery* 12.1 ± 13




*Number of weeks between the initial laboratory experimentation and
the surgery.
** Number of weeks between the surgery and the second
laboratory experimentation.
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(Model AMT-8, common mode rejection ratio of 115 dB
at 60 Hz, input impedance of 10 GΩ) and sampled at
1000 Hz with a 12-bit A/D converter (PCI 6024E, Na-
tional Instruments, Austin, TX). The EMG data were
digitally filtered by a 10- to 450-Hz band-pass, dual-pass
zero-lag, fourth-order Butterworth filter. The data were
collected using LabView (National Instruments) and an-
alyzed using MatLab (Mathworks, Natick, MA).
Kinematic data were collected by a motion analysis system
(Optotrak Certus, Northern Digital, Waterloo, ON, Canada).
Light-emitting diodes (LED) were positioned on the right
side of each participant over eight different anatomic land-
marks: (1) lateral malleolus; (2) head of the fibula; (3) lateral
condyle of the femur; (4) greater trochanter; (5) anterior su-
perior iliac spine (ASIS); (6) posterior superior iliac spine
(PSIS); (7) L1 and (8) T11. Kinematic data were collected at
100 Hz and low-pass filtered by a dual-pass zero-lag, fourth-
order Butterworth filter with a cut-off frequency at 7 Hz.
Data analysis
Kinematic data and rectified EMG signals were superposed
to determine the total trunk angle corresponding to EMG
cessation during the flexion phase and the total trunk angle
of EMG onset during the extension phase. EMG cessation
and onset were quantified by visual inspection of the recti-
fied EMG signal. The normalized root mean square (RMS
calculated using a 250 ms moving window) value (normal-
ized to the RMS value in extension during the first trial)
during each phase of movement was calculated. The EMG
data obtained from the left and right sides were averaged for
L2 and L5 (no statistical difference were noted on each
movement phase). Dependent variables included: (1) average
total trunk flexion angle corresponding to the onset and ces-
sation of myoelectric silence of the FRP and (2) average nor-
malized EMG amplitude signals (RMS) during the full
flexion phase of movement.
Two adjacent LEDs were used to create a vector, and
the angles between vectors served to quantify knee, lum-
bar spine and pelvic motion. The knee angle was calcu-
lated by the angle between the lateral malleolus - head
of the fibula and the femur’s lateral condyle - greater
trochanter. Pelvic motion was determined by the angle
between the ASIS-PSIS and greater trochanter-knee vec-
tors, whereas lumbar spine motion was obtained by the
angle between the T11-L1 and ASIS-PSIS vectors. Total
trunk flexion angle was calculated as the sum of the
lumbar spine and hip angles. Total flexion and extension
angles were divided into quartiles (Q1-Q4) for which
lumbar and hip movements were calculated.
Statistical analysis
The total flexion angle corresponding to the onset and
cessation of myoelectric silence, the normalized EMGvalues during the full flexion phase of movement as well
as all kinematic data were compared across the different
experimental conditions using a 2 × 2 (intervention ×
load) repeated-measures analysis of variance (ANOVA).
Spearman’s correlation coefficient was used to assess the
correlation between changes in the various neuromechanical
variables and reported changes in clinical outcomes. For all
analyses, statistical significance was set at p < 0.05.
Results
Clinical outcomes
All participants had a history of CLBP for more than 24
months. Participants’ demographics as well as baseline
clinical outcomes are respectively reported in Table 2
and Table 3. The statistical analyses revealed significant
decreases in the mean ODI and FABQ II scores (physical
activity) following surgery (dependent sample t-test; p <
0.05). The improvement in these scores did not reach
the suggested clinically important difference (CID), with
differences of 12.4 points for ODI (CID: 12.8 points) and
5.8 points for FABQ II (CID: 9 points) [43,44]. The 1.4
points decrease observed for the VAS scores indicates
clinical improvement (clinically important difference
(CID) of 1.20 to 1.74 point) but did not reach statistical
difference [44,45]. No statistical difference or CID were
noted for the FABQ I (work) (CID: 12 points) question-
naire (dependent sample t-test; p < 0.05) following sur-
gery [43,44]. Nine and three participants respectively
showed CID for VAS and FABQ I outcomes after the
Table 3 Outcome measures: VAS, ODI and FABQ I and II
and flexibility
Questionnaires Before After p
VAS ( /10) 4.8 ± 2 3.4 ± 2.8 0.06
ODI ( /100) 38.2 ± 13.7 25.8 ± 19.2 0.03
FABQ I ( /42) 22.1 ± 14.8 18 ± 15.2 0.09
FABQ II ( /24) 13.1 ± 9.1 7.3 ± 7.5 0.01
Sit and reach (cm) 8.2 ± 10.4 7.5 ± 12.7 0.74
Mean ± standard deviation for the different baseline characteristics.
FABQ I indicates fear-avoidance beliefs about work; FABQ II, fear avoidance
beliefs about physical activity.
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scores and one participant an increased FABQ I score.
Trunk flexibility, measured by the sit and reach test, did
not change following surgery (dependent sample t-test; p >
0.05). No major surgical complication was reported, and all
participants participated to both biomechanical laboratory
testing. Noticeably, twelve participants out of fifteen had
two or more surgical interventions, such as an anterior fu-
sion, in combination with the prosthesis.
Kinematics
The total trunk ROM in flexion significantly increased
after the surgery (61.4° ± 23.1 vs. 69.8° ± 17.2; p = 0.02,
ηp
2 = 0.34). A significant change in ROM was observed
in the hip contribution to total flexion (33.6° ± 13.6 vs.
41.0° ± 10.6; p = 0.01, ηp
2 = 0.37) and was almost entirely
responsible for the changes observed in explaining the
total trunk ROM in flexion. Moreover, when all trials
were considered (with and without a load), the changes
in hip ROM observed after surgery were characterized
by significant increases in movement during extension
Q1, Q2 and Q3 and during flexion Q3. No change in
lumbar ROM was observed following surgery (p = 0.73)
and lumbar ROM was highly variable between partici-
pants. Kinematic data are reported in Table 4 (lumbar,
hip and total trunk flexion) and Figure 1 (hip movement
during flexion/extension quartiles), where absoluteTable 4 Kinematic data in flexion
Flexion Degree CI 95% p
Total angle
Pre 61.4 ± 23.1 48.6 – 74.3 0.02
Post 69.8 ± 17.2 60.2 – 79.3
Hip total angle
Pre 33.6 ± 13.6 26.0 – 41.1 0.01
Post 41.0 ± 10.6 35.1 – 46.9
Lumbar total angle
Pre 27.4 ± 11.4 21.1 – 33.7 0.73
Post 28.2 ± 9.6 22.8 – 33.5
Mean ± standard deviation and 95% confidence interval (CI 95%) for the
different angles.changes in hip ROM for each quartile of flexion and ex-
tension movements are presented. There were no differ-
ences in knee angle recorded before and after the
surgical intervention.
Electromyography
Loading the spine significantly increased (p < 0.05) RMS
values of the ES muscles at L2 through all phases of the
flexion-extension task (quiet standing, flexion, extension
and FRP). Under loading condition, the ES RMS values
at L5 increased for the extension (p = 0.03) and FRP
phases only (p = 0.02). A main effect of surgery was
noted for ES RMS values at L2 during the quiet standing
position (0.40 ± 0.04 vs. 0.33 ± 0.05; p < 0.05, ηp
2 = 0.36)
and at L5 during the flexion phase for which ES RMS
values significantly increased following surgery (0.79 ±
0.05 vs. 0.91 ± 0.03; p < 0.05, ηp
2 = 0.35). As illustrated in
Figure 2, the ANOVA also yielded significant surgery x
load interaction effects for ES RMS values at L2 during
the FRP phase ( p = 0.008, ηp
2 = 0.40). No significant sur-
gery x load interaction could be observed at L5 for ES
RMS values.
No statistically significant correlation was found be-
tween clinical outcomes (pain, disability, fear- avoidance
questionnaires) and kinematic variables. On the other
hand, positive correlations were observed between
changes in ES RMS values during the FRP phase and
several clinical outcome measures. In fact, changes in
Oswestry scores were positively and strongly correlated
to changes in ES RMS at L2 (both with and without
load: r = 0.69, p = 0.01) and L5 (with load: r = 0.71, p =
0.01; without load: r = 0.67, p = 0.01). During the FRP
phase, the FABQ I questionnaire was positively and
strongly correlated to changes at L2 without load (r =
0.56, p = 0.04) and at L5 under the loading condition
(r = 0.59, p = 0.04), whereas changes in VAS scores were
positively and strongly correlated to changes in ES RMS
at L5 (with load: r = 0.72, p = 0.01; without load: r =
0.65, p = 0.02). ODI questionnaire was also strongly cor-
related to changes in ES contraction at L2 during the
quiet standing position (with load: r = 0.72, p = 0.00;
without load: r = 0.59, p = 0.03). Only one negative cor-
relation was found between the FABQ II questionnaire
and changes in ES RMS at L2 during flexion (without
load: r = −0.59, p = 0.03). Significant correlations be-
tween changes in EMG values (without load) and
reported changes in clinical outcomes (ODI and VAS)
are illustrated in Figure 3.
Discussion
The main objective of this study was to assess whether
or not lumbo-pelvic neuromechanical adaptations oc-
curred following lumbar disc replacement surgeries, and
if such changes were related to changes in clinical
Figure 1 Hip movement (°) during flexion (A) and extension (B) quartiles before and after surgery. Increased hip ROM was observed after
surgery for the following quartile (Q): extension Q1 (p = 0.03, ηp2 = 0.34), extension Q2 (p = 0.03, ηp2 = 0.35), extension Q3 (p = 0.04, ηp2 = 0.29) and
flexion Q3 (p = 0.04, ηp2 = 0.30). * Treatment effect ρ < 0.05, and ‡ interaction effect ρ < 0.05.
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placement procedure, participants reported a significant
reduction in their disability scores and fear-related be-
liefs for physical activities. These subjective findings in
clinical outcomes were coupled with an increase inFigure 2 Pre- and post-surgery normalized root mean square
(RMS) values of ES at L2 during the flexion relaxation phase
(FRP) of movement.pelvic flexion as well as a reduction in ES muscle activity
in quiet standing, while muscle activity increased during
the flexion phases at L5 following surgery. Interestingly,
decreases in EMG activity in superficial lumbar spine
muscles during the FRP were correlated to decreases in
pain, disability and fear-avoidance beliefs scores, whereas
changes in lumbar and hip flexion were not correlated
to clinical outcomes.
Clinical outcomes
The present study’s small sample size and its design pre-
clude from broad clinical outcome comparisons with
other studies. However, arthroplasty and arthrodesis
comparative studies have demonstrated significant im-
provement of ODI and VAS scores at three months
follow-up, which is similar to this study for the ODI only
[9-11]. FABQ has not been used in any lower back sur-
gery trials.
Kinematic
Arthroplasty clinical trials have mainly focused on the
implant’s efficacy, whereas their biomechanical proper-
ties have been less frequently described. The ROM com-
parisons before and after surgery (in vivo) are generally
done by radiographic analysis only. When segmental
movement was assessed using plain film radiographs
Figure 3 Significant correlations between changes in EMG values (Δ EMG) at the ES at L2 (a and b) and L5 (c and d) and reported
changes in clinical outcomes. Flexion relaxation phase (FRP), quiet standing (QS) changes in Oswestry Disability Index (Δ ODI) and visual
analogue scale (ΔVAS), ρ: statistical significance and r: correlation.
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found either preserved or superior to the presurgical sta-
tus [10,11,18-20] McAffe et al. [19] showed a decrease of
the radiographic ROM at the three-month follow-up
compared to ROM before surgery. The authors also
reported continuous improvement in ROM at 6, 12 and
24 months. Given the results of the present study, it is
therefore possible that initial adaptations following sur-
gery are mostly aimed at reducing mechanical stresses
on the operated segments (consequently increasing hip
movement to maintain functional capacity). In a study
comparing segmental contribution to total ROM follow-
ing disc replacement or fusion (two-year follow-up), Au-
erbach et al.[20] found that the total lumbar ROM was
increased in patients who received a disc replacement at
L4-L5. However, the ROM of patients receiving disc re-
placement at L5-S1 was similar to those of patients who
underwent a fusion surgery at the same level [20]. Whenconsidering the surgical technical accuracy, McAfee
et al. [19] showed that flexion-extension motion im-
proved with proper alignment of the prosthesis, whereas
other authors did not find any correlation between the
positioning of disc prosthesis and clinical outcomes
(VAS and ODI) [46]. Several limitations, however,
should be considered as potential sources of error meas-
urement [20,47] when ROM is assessed using plain film
radiographs, such as examiner errors, non-uniformity of
the vertebral endplates, film quality, subject’s positioning
and subject’s effort-related variability during flexion-
extension image acquisition. In the current study, partic-
ipants showed an increase in trunk ROM that was
mainly explained by increased the hip’s contribution to
movement. It is therefore difficult to link the ROM im-
provement to the procedure, and such drastic changes
in hip ROM may represent an alternative motor pattern
aimed at limiting movement and loading of lumbar
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egies are needed to explore this hypothesis.
Electromyography
As described by Gupta [29] as well as Descarreaux et al.
[48], in healthy subjects, the loading condition led to an
increase of the RMS values at L2 during all the phases of
the flexion-extension task, reflecting the need for add-
itional muscular contraction to counteract the increased
flexion moment generated by the load. However, this
phenomenon was observed only during the extension
and the FRP phases at L5. On the other hand, Sarti et al.
[31] have not found any effect of additional loading of
the trunk on the FRP. While no change in lumbar spine
kinematics could be observed during movement, one in-
teresting finding related to the possible surgical effect
was the increased muscular activity at L5 in the flexion
phase. Together with the increased hip ROM, the ab-
sence of any significant RMS changes at L5 during other
movement phases may support the hypothesis that an
alternative motor pattern for trunk flexion was
established by the participants. One interesting study,
which assessed the FRP before and after lumbar discec-
tomy (four weeks), showed that neither FRP nor ROM
significantly improved after surgery despite significant
clinical improvement [37]. Conversely, our study
showed, that under challenging conditions (loading the
spine), participants were able to stabilize the lumbar
using less erector spinae activation. Short term follow-
up evaluations (four weeks in the Wallbom et al. [37]
study and 17 weeks in the present study) may not be
representative of the overall benefit of spinal surgery.
Tissue recovery may not be completely obtained, and
other psychosocial factors such as fear-avoidance beliefs
may temporarily limit functional capacities. Long term
follow-up evaluations are needed to better understand
neuromechanical changes and the potential role of re-
habilitation following lower back surgery.
Clinical interpretation
Following surgery, the participants did not attend a spe-
cific rehabilitation program, physiotherapy or any other
conservative treatment regimen. The general indications
given by the surgeon were to continue the usual daily
life activities as much as possible, and not perform trunk
flexion during the first six weeks. Other studies have
shown clinical improvement (physical and/or disability)
with aggressive rehabilitation after a lumbar discectomy
when compared to less active training programs [49-51].
One study showed statistically significant improvement
in patients’ clinical status (VAS and ODI) after early re-
habilitation program designed for patients with disc
replacement surgery [52]. The program included dy-
namic lumbar stabilization exercises and kinetic-chainstrengthening. In this study, patients had only one level
of surgical intervention, and no control group to
compare the clinical results to. With a complete re-
habilitation program, Neblett et al. [32] studied the
functional restoration of abnormal flexion-relaxation re-
sponse with CLBP participants. The rehabilitation pro-
gram included a surface EMG-assisted stretching
biofeedback training protocol, physical exercise (daily
group and individual stretch training) and cognitive-
behavioral counselling (educational classes, relaxation,
biofeedback, stress management training and multi-
modal disability management) over two months. The
final evaluation demonstrated that 86% of the rehabilita-
tion group achieved flexion-relaxation, compared to 34%
at the initial stage, and were similar to the pain-free con-
trol group. Interestingly, 31% of the participants in the
rehabilitation group had a spinal fusion; however, the au-
thors did not specify if the FRP was present before and
after the rehabilitation program for this specific group.
Future studies should evaluate long term changes in FRP
parameters following disc replacement surgery, with and
without long term rehabilitation.
As suggested by several authors, the abnormal FRP
can result from an initial fear-avoidance reaction to back
pain triggering and over time evolve into an uninten-
tional protection mechanism [28,32,53]. Interestingly,
the correlations between the clinical outcomes (VAS,
ODI and FABQ I) and the biomechanical changes during
the FRP in the present study seem to suggest that the
biomechanical changes observed following surgery are
closely related to changes in pain perception, fear avoid-
ance beliefs and physical disability.Limitations
One important limitation of this study is related to the
surgical interventions. Twelve participants out of 15 had
two or more surgical interventions with the disc pros-
thesis. The additional interventions were an anterior ver-
tebral fusion performed with metal implants and/or an
implantation of an interbody cage below the prosthesis
level. It is therefore possible that any potential gain
obtained with a disc replacement surgery could have
been invalidated when fusion was performed. According
to a recent review, this seems to reflect not only clinical
practice but also how current low back surgical studies
are designed [54]. The result of the present study may
reflect those obtained in standard orthopedic care where
patients with DDD often present with multiple spinal
conditions. They must, however, be interpreted with
caution as broad generalization is not possible since the
sample size was relatively small and there was no control
group involved. However, the changes observed in the
present study (both in clinical and neuromechanical
O’Shaughnessy et al. Journal of NeuroEngineering and Rehabilitation 2013, 10:72 Page 9 of 10
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clinical significance.
Conclusion
This study assessed the neuromechanical adaptations
following a lumbar disc replacement surgery. Surface-
EMG, kinematic and questionnaires (pain, disability and
fear avoidance-related beliefs) were used to evaluate par-
ticipants’ functional and clinical status. Improvement in
disability and fear avoidance beliefs linked to physical ac-
tivities were observed following surgery. Although lum-
bar ROM did not change after disc replacement, a
significant increase in the hip ROM during the flexion-
extension task as well as changes in ES muscle activity
was observed. Further research is needed to assess long
term neuromechanical changes and the potential role of
rehabilitation following lower back surgery.
Competing interests
Statement of financial disclosure and conflict of interest: the authors declare
that they have no competing interests.
Authors’ contributions
MD contributed to the study design and protocol development, had overall
responsibility for the conduct of the study, and contributed to the
experimentation, data analysis, writing of the manuscript and supervision of
JO. JO, as part of her master’s degree thesis, conducted all experimental
sessions, statistical analysis, and manuscript preparation. JFR was responsible
for all clinical intervention and overall patient management. All authors read
and approved the final manuscript.
Acknowledgements
This work was supported by the Université du Québec à Trois-Rivières
(UQTR), the Fondation de recherche chiropratique du Québec and the
Chaire de Recherche en Chiropratique FRCQ. The authors would like to
thank Sonia Breton, registered nurse, for her contribution during the
recruitment and follow-up phases of the study. They also would like to thank
Jean-Daniel Dubois and Charles Tétreau for their contribution during
laboratory testing and data acquisition.
Author details
1Département de chiropratique, Université du Québec à Trois-Rivières
(UQTR), Trois-Rivières, Québec, Canada. 2Orthopaedic Surgeon, Centre
Hospitalier Universitaire de Québec (CHUQ), Hôpital St-François d’Assise,
Québec, Québec, Canada. 3Département de chiropratique, UQTR,
Trois-Rivières, Québec, Canada.
Received: 5 July 2012 Accepted: 14 June 2013
Published: 10 July 2013
References
1. Fritzell P, Hagg O, Wessberg P, Nordwall A: 2001 Volvo Award Winner in
Clinical Studies: Lumbar fusion versus nonsurgical treatment for chronic
low back pain: a multicenter randomized controlled trial from the
Swedish Lumbar Spine Study Group. Spine 2001, 26(23):2521–2532.
discussion 2532–2524.
2. Carey TS, Evans A, Hadler N, Kalsbeek W, McLaughlin C, Fryer J: Care-
seeking among individuals with chronic low back pain. Spine 1995,
20(3):312–317.
3. Du Bois M, Szpalski M, Donceel P: Patients at risk for long-term sick leave
because of low back pain. Spine J 2009, 9(5):350–359.
4. Davis H: Increasing rates of cervical and lumbar spine surgery in the
United States, 1979–1990. Spine (Phila Pa 1976) 1994, 19(10):1117–1123.
discussion 1123–1114.5. Bono CM, Lee CK: Critical analysis of trends in fusion for degenerative
disc disease over the past 20 years: influence of technique on fusion
rate and clinical outcome. Spine 2004, 29(4):455–463. discussion Z455.
6. Gamradt SC, Wang JC: Lumbar disc arthroplasty. Spine J 2005, 5(1):95–103.
7. Cunningham BW: Basic scientific considerations in total disc arthroplasty.
Spine J 2004, 4(6 Suppl):219S–230S.
8. Singh K, Vaccaro AR, Albert TJ: Assessing the potential impact of total disc
arthroplasty on surgeon practice patterns in North America. Spine J 2004,
4(6 Suppl):195S–201S.
9. Blumenthal S, McAfee PC, Guyer RD, Hochschuler SH, Geisler FH, Holt RT,
Garcia R Jr, Regan JJ, Ohnmeiss DD: A prospective, randomized,
multicenter Food and Drug Administration investigational device
exemptions study of lumbar total disc replacement with the CHARITE
artificial disc versus lumbar fusion: part I: evaluation of clinical outcomes.
Spine 2005, 30(14):1565–1575. discussion E1387-1591.
10. Zigler J, Delamarter R, Spivak JM, Linovitz RJ, Danielson GO 3rd, Haider TT,
Cammisa F, Zuchermann J, Balderston R, Kitchel S, et al: Results of the
prospective, randomized, multicenter Food and Drug Administration
investigational device exemption study of the ProDisc-L total disc
replacement versus circumferential fusion for the treatment of 1-level
degenerative disc disease. Spine 2007, 32(11):1155–1162. discussion 1163.
11. Sasso RC, Foulk DM, Hahn M: Prospective, randomized trial of metal-on
-metal artificial lumbar disc replacement: initial results for treatment of
discogenic pain. Spine 2008, 33(2):123–131.
12. Delamarter R, Zigler JE, Balderston RA, Cammisa FP, Goldstein JA, Spivak JM:
Prospective, randomized, multicenter Food and Drug Administration
investigational device exemption study of the ProDisc-L total disc
replacement compared with circumferential arthrodesis for the
treatment of two-level lumbar degenerative disc disease: results at
twenty-four months. J Bone Joint Surg Am 2011, 93(8):705–715.
13. Bertagnoli R, Yue JJ, Nanieva R, Fenk-Mayer A, Husted DS, Shah RV, Emerson
JW: Lumbar total disc arthroplasty in patients older than 60 years of age:
a prospective study of the ProDisc prosthesis with 2-year minimum
follow-up period. J Neurosurg Spine 2006, 4(2):85–90.
14. Park P, Garton HJ, Gala VC, Hoff JT, McGillicuddy JE: Adjacent segment
disease after lumbar or lumbosacral fusion: review of the literature.
Spine 2004, 29(17):1938–1944.
15. Bertagnoli R, Yue JJ, Fenk-Mayer A, Eerulkar J, Emerson JW: Treatment of
symptomatic adjacent-segment degeneration after lumbar fusion with
total disc arthroplasty by using the prodisc prosthesis: a prospective
study with 2-year minimum follow up. J Neurosurg Spine 2006, 4(2):91–97.
16. Harrop JS, Youssef JA, Maltenfort M, Vorwald P, Jabbour P, Bono CM,
Goldfarb N, Vaccaro AR, Hilibrand AS: Lumbar adjacent segment
degeneration and disease after arthrodesis and total disc arthroplasty.
Spine 2008, 33(15):1701–1707.
17. Gao SG, Lei GH, He HB, Liu H, Xiao WF, Wen T, Liang JY, Li KH:
Biomechanical comparison of lumbar total disc arthroplasty, discectomy,
and fusion: effect on adjacent-level disc pressure and facet joint force.
J Neurosurg Spine 2011, 15(5):507–514.
18. Auerbach JD, Wills BP, McIntosh TC, Balderston RA: Evaluation of spinal
kinematics following lumbar total disc replacement and circumferential
fusion using in vivo fluoroscopy. Spine 2007, 32(5):527–536.
19. McAfee PC, Cunningham B, Holsapple G, Adams K, Blumenthal S, Guyer RD,
Dmietriev A, Maxwell JH, Regan JJ, Isaza J: A prospective, randomized,
multicenter Food and Drug Administration investigational device
exemption study of lumbar total disc replacement with the CHARITE
artificial disc versus lumbar fusion: part II: evaluation of radiographic
outcomes and correlation of surgical technique accuracy with clinical
outcomes. Spine 2005, 30(14):1576–1583. discussion E1388-1590.
20. Auerbach JD, Jones KJ, Milby AH, Anakwenze OA, Balderston RA: Segmental
contribution toward total lumbar range of motion in disc replacement
and fusions: a comparison of operative and adjacent levels.
Spine 2009, 34(23):2510–2517.
21. Panjabi MM: The stabilizing system of the spine. Part I. Function,
dysfunction, adaptation, and enhancement. J Spinal Disord 1992,
5(4):383–389. discussion 397.
22. Panjabi MM: The stabilizing system of the spine. Part II. Neutral zone and
instability hypothesis. J Spinal Disord 1992, 5(4):390–396. discussion 397.
23. Colloca CJ, Hinrichs RN: The biomechanical and clinical significance of the
lumbar erector spinae flexion-relaxation phenomenon: a review of
literature. J Manipulative Physiol Ther 2005, 28(8):623–631.
O’Shaughnessy et al. Journal of NeuroEngineering and Rehabilitation 2013, 10:72 Page 10 of 10
http://www.jneuroengrehab.com/content/10/1/7224. Allen CE: Muscle action potentials used in the study of dynamic
anatomy. Br J Phys Med 1948, 11(3):66–73.
25. Floyd WF, Silver PH: Function of erectores spinae in flexion of the trunk.
Lancet 1951, 1(6647):133–134.
26. Floyd WF, Silver PH: The function of the erectores spinae muscles in
certain movements and postures in man. J Physiol 1955, 129(1):184–203.
27. Zedka M, Prochazka A, Knight B, Gillard D, Gauthier M: Voluntary and reflex
control of human back muscles during induced pain. J Physiol 1999,
520(Pt 2):591–604.
28. Dubois JD, Piche M, Cantin V, Descarreaux M: Effect of experimental low
back pain on neuromuscular control of the trunk in healthy volunteers
and patients with chronic low back pain. J Electromyogr Kinesiol 2011.
IN PRESS.
29. Gupta A: Analyses of myo-electrical silence of erectors spinae. J Biomech
2001, 34(4):491–496.
30. McGill SM, Kippers V: Transfer of loads between lumbar tissues during the
flexion-relaxation phenomenon. Spine (Phila Pa 1976) 1994,
19(19):2190–2196.
31. Sarti MA, Lison JF, Monfort M, Fuster MA: Response of the flexion-
relaxation phenomenon relative to the lumbar motion to load and
speed. Spine (Phila Pa 1976) 2001, 26(18):E421–426.
32. Neblett R, Mayer TG, Brede E, Gatchel RJ: Correcting abnormal flexion-
relaxation in chronic lumbar pain: responsiveness to a new biofeedback
training protocol. Clin J Pain 2010, 26(5):403–409.
33. Neblett R, Mayer TG, Gatchel RJ, Keeley J, Proctor T, Anagnostis C:
Quantifying the lumbar flexion-relaxation phenomenon: theory,
normative data, and clinical applications. Spine (Phila Pa 1976) 2003,
28(13):1435–1446.
34. Mayer TG, Neblett R, Brede E, Gatchel RJ: The quantified lumbar flexion-
relaxation phenomenon is a useful measurement of improvement in a
functional restoration program. Spine 2009, 34(22):2458–2465.
35. Marshall P, Murphy B: Changes in the flexion relaxation response
following an exercise intervention. Spine (Phila Pa 1976) 2006,
31(23):E877–883.
36. Haig AJ, Weismann G, Haugh LD, Pope M, Grobler LJ: Prospective evidence
for change in paraspinal muscle activity after herniated nucleus
pulposus. Spine 1993, 18(7):926–930.
37. Wallbom AS, Geisser ME, Koch J, Haig AJ, Guido C, Hoff JT: Lumbar flexion
and dynamic EMG among persons with single level disk herniation pre-
and postsurgery with radicular low-back pain. American journal of physical
medicine & rehabilitation / Association of Academic Physiatrists 2009,
88(4):302–307.
38. Vogler D, Paillex R, Norberg M, de Goumoens P, Cabri J: Cross-cultural
validation of the Oswestry disability index in French. Ann Readapt Med
Phys 2008, 51(5):379–385.
39. Chaory K, Fayad F, Rannou F, Lefevre-Colau MM, Fermanian J, Revel M,
Poiraudeau S: Validation of the French version of the fear avoidance
belief questionnaire. Spine (Phila Pa 1976) 2004, 29(8):908–913.
40. Scrimshaw SV, Maher C: Responsiveness of visual analogue and McGill
pain scale measures. J Manipulative Physiol Ther 2001, 24(8):501–504.
41. Davis DS, Quinn RO, Whiteman CT, Williams JD, Young CR: Concurrent
validity of four clinical tests used to measure hamstring flexibility.
Journal of strength and conditioning research / National Strength &
Conditioning Association 2008, 22(2):583–588.
42. Merletti R, Lo Conte L, Avignone E, Guglielminotti P: Modeling of surface
myoelectric signals–Part I: Model implementation. IEEE Trans Biomed Eng
1999, 46(7):810–820.
43. Grotle M, Brox JI, Vollestad NK: Reliability, validity and responsiveness of
the fear-avoidance beliefs questionnaire: methodological aspects of the
Norwegian version. J Rehabil Med 2006, 38(6):346–353.
44. Copay AG, Glassman SD, Subach BR, Berven S, Schuler TC, Carreon LY:
Minimum clinically important difference in lumbar spine surgery
patients: a choice of methods using the Oswestry Disability Index,
Medical Outcomes Study questionnaire Short Form 36, and pain scales.
The spine journal : official journal of the North American Spine Society 2008,
8(6):968–974.
45. Farrar JT, Young JP Jr, LaMoreaux L, Werth JL, Poole RM: Clinical
importance of changes in chronic pain intensity measured on an 11-
point numerical pain rating scale. Pain 2001, 94(2):149–158.
46. Patel VV, Andrews C, Pradhan BB, Bae HW, Kanim LE, Kropf MA, Delamarter
RB: Computed tomography assessment of the accuracy of in vivoplacement of artificial discs in the lumbar spine including radiographic
and clinical consequences. Spine 2006, 31(8):948–953.
47. Park SA, Ordway NR, Fayyazi AH, Fredrickson BE, Yuan HA: Comparison of
Cobb technique, quantitative motion analysis, and radiostereometric
analysis in measurement of segmental range of motions after lumbar
total disc arthroplasty. J Spinal Disord Tech 2009, 22(8):602–609.
48. Descarreaux M, Lafond D, Jeffrey-Gauthier R, Centomo H, Cantin V: Changes
in the flexion relaxation response induced by lumbar muscle fatigue.
BMC Musculoskelet Disord 2008, 9:10.
49. Kjellby-Wendt G, Styf J: Early active training after lumbar discectomy. A
prospective, randomized, and controlled study. Spine 1998,
23(21):2345–2351.
50. Manniche C, Skall HF, Braendholt L, Christensen BH, Christophersen L,
Ellegaard B, Heilbuth A, Ingerslev M, Jorgensen OE, Larsen E, et al: Clinical
trial of postoperative dynamic back exercises after first lumbar
discectomy. Spine 1993, 18(1):92–97.
51. Danielsen JM, Johnsen R, Kibsgaard SK, Hellevik E: Early aggressive exercise
for postoperative rehabilitation after discectomy. Spine 2000,
25(8):1015–1020.
52. Canbulat N, Sasani M, Ataker Y, Oktenoglu T, Berker N, Ercelen O, Cerezci O,
Ozer AF, Berker E: A rehabilitation protocol for patients with lumbar
degenerative disk disease treated with lumbar total disk replacement.
Arch Phys Med Rehabil 2011, 92(4):670–676.
53. Geisser ME, Haig AJ, Wallbom AS, Wiggert EA: Pain-related fear, lumbar
flexion, and dynamic EMG among persons with chronic musculoskeletal
low back pain. Clin J Pain 2004, 20(2):61–69.
54. van den Eerenbeemt KD, Ostelo RW, van Royen BJ, Peul WC, van Tulder
MW: Total disc replacement surgery for symptomatic degenerative
lumbar disc disease: a systematic review of the literature.
Eur Spine J 2010, 19(8):1262–1280.
doi:10.1186/1743-0003-10-72
Cite this article as: O’Shaughnessy et al.: Changes in flexion-relaxation
phenomenon and lumbo-pelvic kinematics following lumbar disc
replacement surgery. Journal of NeuroEngineering and Rehabilitation
2013 10:72.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
